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ALKALI HALTDES COLORED BY COLLOIDAL METAL

By Allen B. Scott, Williem fo Smith, and Milton A, Thompson
‘ . Depertment. of Chemiatry, Oregon State College, Corvsallis, Oregon

by Alkali halides colorsd with an excsso of alkall metal develop absorptlon bands
due to colloidal metal upon moderate heallng, provided the concentration of alkall
metel is above the stabiga concentration of F-centers at the treatment temperature.
The extinctlon is due almoct entirely to absorption, rather than scattering, unless
the particle slze is greatly lncressed by exvended treatment, The location of the
band maxima in NaCl, KC1l, KBr, and Ki can bs satisfactorily celculated from the cptical
properties of the metal, Ths particle size range for the smeller particles iz within the
limits 10 £ - 80 8.  The heat of dissociation of colloid in the four lattices is
ecaleulated. A new band in XKI which has many characteristics of a colleddal band, bub

which absorbs in a region far from that calculated for colloidal potassium is described.

I. Introducticn

There has bteen much recent interest in the coloring of alkall halide crystals
¥ by irradiation with x-rays, bombardmwent by high energy particles, or by hesting Iln the

vapor of an alkali me'tallc 4t moderate bLemperatures, the color centers produced are

{1) N, F. Mott and R. W. Gurisy, "klectronic Processes in Ionic Crystals®, Oxferd (19L8)
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unstable with respect to centers which can be described as "colloldal", and a study
of the nature of the colleldal centers and their equilibrium with the smaller color
centers is deslrable in completing the outlines of the theory of ionic solids.

The occurrence of similar colloidal metal dispersions is encountered in the

eloctrolysis of fused salts, ia natural blus rock-salt, in certain colorsd glasses

such as gold ruby glass, and in silver halides which have undergone prolonged
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irrgdiation as in the "print-out effect". In the alkali halides, the colloidal
centers are most conveniently prepared by warming crystels containing F-centers in
exsess of tho stable concentration and allowing the centera to coagulate. Sirce
crystals colored by irradizstion contain an equal rumber of F~-centers and holes, a
competing reaction; namely recorbinstion of the electrons and holes makes the fore
metion of collold unlikely; for this reason it 1s necessary to use crystals which
have been additively ecolered by heatingA in sn alksll metal vapor and rapidly quenched
to roem temperaturve to "fresze in" a high concentration of color centers.

The colloidal centers cense strong absorption in a nsrrow epectral region, and,
unless the particle size is greatly incrsased by prolonged heating, very littls

light scattering 1e observedeo The absorption band will be referred to here as the

(2) Ro W. Pohl, "Einfuhrang in dle Optik", Springer, Berlin (1943)

#eolloidal band®,

II. Properties of Colloldal Centers
(&) Absorpiion of Light
The shape and location of the absorpiion band for small spheres of metal; of
diametor much leas than the wave length of the incident radiation and imbedded in

a medium of refivachtive index ne can be calculatved from the equation2

36 K,V e K

;{(;._ m‘ Eu{ﬁ-—» n“-MJ

Where K is the extinction coefficient deflned by

(1)

(path length) K= 2,303 (optical density),
Nv is the number of ‘particlea per unit volume, V is the volums of a single particle,
/\ is the wave length in air for which K is sought; n is the refractive indox of the

metal, and nk is the "absorption coefficient® defined by
nk = K)\/h 7 e
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Pohl desoribes the application of (1) to the colloidal sodium band in NaCl. Since
neither N, or V are known, the maximum valus of K was set equal to the empirical
valusy the location and shape of the band then agreed quite well with the observed
location and shape., This is evidence that the centars in ¥WaCl are wery smell end
can be treated as spheres. It may be also considered proof that when severali Fe
centers coggulate, an equal number of surrcunding cations are discharged so that ths
product is in actuality a metal speck,

For the alkali halides, in the spectral reglon of intersst, n is very small
compared to nk, This allows an easy cslculation of the location of the band maximwm
by neglecting the terms in the denominator of (1) and obteining the condition for
which the denominator vanishes, namely

nk = \[2— ol

Since neither nk nor n, changes much with itcmperature, and the absorption is not
influencsd by lattice vibrations; neither the band maximum nor the bLreadin of the
band should be aitered by chenging the temperature nf cbservation of the bande

This has been confirmed by experlment293 s and tempergture insensitivily scometimes has

(3) Ao Bo Scott and We A. Smith, Phys. Rev., 83, 982 (1951)

been regarded as a sufficient criterion for a colloidal absorption band. We later

present evidence to show that it may not be sufficient.

{B) Particle Size

By prolonged hesting, or increasing the treatmsnt tempsrature, colloddal

99

perticles in NaCl may be convertsd into larger pax’ticlesh‘ wrdch may be datectsd

(L) E. Mollwo, Nachr. Ges. Wiss. Gotiingen IT, 25 (1932)
{8) M. Savostianowa, Z. Physik, €, 262 (1930)

ultremicroscopically. The emaller colloidsl rerticlss cannot be detected in this way,
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Experiments have recently been performed in this laboratory to eatabliah the
presence of ths amaller particles, exhibiting a strong colloidel band in KCl, by
the use of the elsctron microscope. Surfacs replicas in collodion were made of
freshly cut orystals of stock KCl, crystels containing F-csnters, and those contain-
ing colloidal centers. The replicas were chadow cast by chromium and examined at =
magnification of 15,000 Xo The resolving pover waes about 50 X., In no case was there
an observable difference between the surfaces of ths three categories. This means
that the colloidal particles, which should leave pits or mounds of K20 cn the in-
terior surface of a cloven crystal, are smaller than about 50 % in diameter, énd
contain less than 103 potessium atoms.

For concentrations of alkali metal less than 1()18 atoms/cc, the shape and location
of the ealloidrl band in XCl, KBr, and KI 1e fairly independent of Lemperature of
formation and treatment time, Thus it may be concluded that e generally are dealing

with particles telow the limit of detection of the ultramicroscope or clscirm

microscopeo.

(C) Photcconductive Properties
In contrast 1o crystals conteining F-centers; which become conducting when
illwninated by light abscrbed by the F-cenbers, cryetals containing colloidal alkali
metal condnct when illuminated with light of wave length well removed from the
absorption region. In colloidally colored NaCl, for example, the maximum photocurrent

is produced by 37C m( light, while the maximum absorption 1s at about 550 m /460

(6) Zo. Gyulal, Zeitx. fo Physik 35, L411 (1936)

The curve of current plotted against wave length !s very similar to that for the
photoelectric current from clean sodium surface, but is displaced by 0.5 aV in the
direction of lower energy. Thia result has been im.erpretedj“ to shiow that the ensrgy
of an electron in conduetion band in NaCl lies about 0.5 eV below that of an elsctron

=
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immediately outside the crystal.

Further experiments on the photoconduction of alkali halides containing
colloidal metal would be very useful in detecting the presence of colloidal centers
in the presence of other centers (Ry, Ry, amd M) which sbsorb in the same region.
The photocurrent maxima should be well separated even though the absorption curves
overlap, Such experiments sre now belng started im this laboratory; with the hope

[}
of shedding light on the centers responsible for the R wb&nd7o

(7) A, B, SCOtt, Lo Pe Bupp£ and Ho Jo Hrastowski, PWSO RWO, 799 i&é (1950)

(D) Equilibrium with F-centers

The experiments described so for may be interpreted to show that the centers
responsible for the colloidal band are metallic, more or less spheriecal, and in the
usual case are too small to be cbserved by light=-scattering methods. No lower
1imit has been set upon their size, other than that enough atoms must be iacluded in
each cemter so that the optical properties of the center are essentially thocse of the
metal in bulk,

Further information sbeut the lower limit may be obtained from a study of the
thermal equilibrium betwsen the "atomically® dispersed F-centers and the colloidal
centers. A detailed study of this equilibriwm in KC1 has been reported3° Using the
sanie procedure, a study of the equilibrium in EBr, Ki, and NaCl has now been com-
pleted.

In all four alkali halides the equilibrium has been found to bs heterogeneouss
the concsntration of F-centers in equilibrium with colloldal centers at any temperabturs

is independent of the total concentraticn. In Table 18 are reported the concentrations

(8) From the Ph.D. thesis of William A. Smith and the M.S. thesis of Miiten Ao
Thompson, Oregon State College,(1953)
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TABIE I

EQUILIBRIUM CCHCENTRATION CF F-CENTERS IN ALKALI HALIDE

o CRYSTALS CONTAINING COLLOIDAL METAL

Crystel .
and Range of Ave, F-cente
Total Concentration, Canc. x 10-1
atoms/cc. Tempo, %c. WNo. of Observations per <¢Co
KG1 300 7 11.0
18 - 100 x 10t6 350 6 19,0
1,00 8 29
1450 8 &
KBr 230 9 5oL
11 - 70 x 1016 283 L 10.6
309 18 15.0
38 5 17.h
340 8 25
350 bk a
K1 303 5 9,0
19 - 52 x 1036 323 9 11.6
350 5 17
Sie g {o) 20
NaCl L50 8 2.l
L - 12 x 1016 190 15 o2
525 13 ho6
600 6 6,0
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of F-centers in equilibrium with colloidal centers for several temperatures in KBr,
KI, and NaCl. Data for KCl is included for comparison. Each of the concentrations

listed is the average of four or more indspendent measurements. The accuracy of the

@ measurements 18, in the case of KBr and KI, comparable to that in the case of KCl.
Greater uncertainty exists in the value for NaCl since the equilibrium concentration
even at the higher temperatures is relatively small, and during quenching from higher
temperatures more coagulation can occurs

As anticipated, the stability of the F-centers is about the same in the three
potassium salts, but much lower in NaCl; at any temperature, since it 1s determined
primerily by the vapor pressure of the colloidal metal. The same resulls were ob-
tained when KCl was colored with Na vepor as when it was colored with K vapor, so
that no matter what alkali metal originally furmnished the excess electrons; the
colloidal metal is produced from the cation of the latiics.

If the colloidal cemters contain as few as 10 stoms, doubling the total concen=

tration would caunse an increase in F-center concentration (at the lower temperature
where the Fecenter stability is small) of sbout 7%, Since this change could be
just detected by the analyticsl methods used, and since no appreclable change was
noted with change in total concentration, 10 atcms may be taken as the lower limit

of size for the colloidal particles, as set by the study of the Facenter stabilitys

Lz s

2 the equilibrium is thus adequately described as heterogenesousy; and the fact that the
metal centers act as a separate phase is justification for ithe term colloidal.
The smaller colloidal particles may now be safely assumed to contain between 10
and 10° atoms and have a diamster between 10 and 50 f.
The variation of F-center stability with tempsrature is shown for KBr in Fig. 1.
Especially to be noted is the slight variability of the absorpticn maximum of the
colloidal band at about 820 m.( for centers prepared at different temperatures.
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(E) Heat of Dissociation of Collcid
The value of AH for the process colloid = F-center was reported to be 8.0
k cal/mole st 350° in X01%, From the date of Table I, similar velues were computed
for the other sails, &5 Ioilowst
KBr (325% : 1loh ¥ 0ol k cal/mole
KL (0% : 9.0% 0.3
NaCl (490%) : 9% 2

(F) Location of the Colloidal Band Meximum
Figo 2 shows typical sbsorption curves for four alksli halidecs in which the
equilibrium hetween F-centers and colloid has been developed. Though the wave length
of maximum absorption of colloid is somewhat varisble for each lattice; the values
presented are representatﬁe of the many crystals studied. Using data of Ives and

Briggu9’ 10 for pk of sodium and potassium extrapolated to longer wave lengths, and

(9) Ho Eo Ives and H. Bo Br‘lggs, Je Opto Soc» Imo.y 26, 238 (1936)
(10) H. E, Ives and Ho Bo Briges, ibid., 27, 181 (1937)

that of Gyulain for n, of the alkali halides, the following band maxima were calcu=

(11) Z. Gyulsi, Z. Physik, L6, 80 (1920)

lated by the use of equation (2)s NaCls 5183 KC1: 7303 KBr: 7603 and Kl: 800 mut o
The agreement in all cases 18 very satisfactory and what disagreement exists may be
ascribed to unsertainties in the extrapolation if Ives and Briggs® dats; to the

presence of M-centers, and tc the sccurrence of sams light scattering.

12
III., A New Absorption Band in Potassium ITodide

(12) Reported in part at the Los Angeles meeting of the American Chemical Scciety,
March 13, 2$53.
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in suveral crystals of KI, additively colored by heating for very long periods
(more than 90 hours) at 600°, an unexpected absorption band was developed when an
attempt was mede to produce colloidal centers from F-centers. Upon heating such
cryetals at 275", the F-centsrs ars converted to centers abgorbing at shorter wave
length, The maximum absorption of F-centers oeccurs at 695 mu, and the new band had
& maximum at about 650 mu,  the location varying somwhat from crystal tc erystal,
The new band was develcped only in crystals of relatively low concentration of
centers (< 2.28 x 1017/cc.) |

The 650 mu band was not appreciably affacted by llumination with light ab-
sorbed by the band and the shape and locaticn of the band was rot altered by observing
the band at liquid nitrogen temperature. Incrsase in temperature favors the recon-
version of the centers to F-centers, as is showm by Fige 3. A crystal containing the
650 mu. band developed at 275° was heated at 300° and then at 328% The location of
the band shifted continuously toward the location of the Feband, Illumination of
crystals having absorption maxima intermediats between 650 and 700 met resulted in
soms destruction of F-centers with a shift of the absorption maximum toward €50 L YT

These observations all indicate that the centers responsible for this new band
are colloidal; however, this conclusion is contredicted by the application of Equation
(2) to KI, which gives 830 mu as the location of the band maximm for arbitrarily smsll
metal spheres. Further experiments > Such a8 a study of the photoconductance of these
centers » and a systemgtic st of the comditions responsible for their formation will
be required before more can be said about their constitution, The possibility thst
the centers are special forms of colloid, such as filaments or plates; will also bear
investigation,

Ackmowledgmente - Ths authors wish to agknowledge the support of the Office of Navzl
Ressarch and the valuable assistance of Mr. Glemn Stanley in carrying out the electron

microscope studiess . - - .
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